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Hydrogen-vacancy related defect 共H1⬘兲 in chemical vapor deposition homoepitaxial diamond films
has been investigated by electron paramagnetic resonance and cathodoluminescence. It is found that
the concentration of H1⬘ significantly decreases as the dilution 共CH4 / H2兲 ratio decreases. It is also
confirmed that the intensity of free-exciton emission 共Iex兲 increases as the CH4 / H2 ratio decreases.
The complementary relationship between Iex and H1⬘ can be explained by considering that H1⬘ acts
as a nonradiative recombination center which reduces the lifetime of free exciton and Iex. The
suppression mechanism of H1⬘ is discussed by considering the balance between the growth rate and
the annihilation rate of H1⬘ in the subsurface region. © 2006 American Institute of Physics.
关DOI: 10.1063/1.2176860兴
Diamond is a promising material of optical devices for
ultraviolet light emission and electronic devices for high
power, high frequency, etc. because of its superior physical
and electrical properties.1,2 As a result of the development of
chemical vapor deposition 共CVD兲 growth techniques, high
quality diamond films with high Hall mobilities2–4 and an
atomically flat surface have been synthesized.2
For ultraviolet light emitting diodes, free-exciton 共FE兲
emission 共235 nm兲 is considered to be a candidate for a light
source. From cathodoluminescence 共CL兲 studies, it was reported that the intensity of FE emission 共Iex兲 significantly
increases as the dilution 共CH4 / H2兲 ratio decreases in homoepitaxial CVD diamond film growth.2,5 It is considered
that the increase of Iex results from the suppression of defects
or impurities in the film grown with the extremely low
CH4 / H2 ratio of 0.025%. However, there has been no quantitative study on the suppression of defects.
In CVD polycrystalline6 and CVD monocrystalline7,8
diamond, carbon dangling bond 共C db兲 defects accompanying a hydrogen atom 共H兲 such as H1, H2, and VH− have been
reported. It has been suggested that H1 is a neutral charge
state of H-vacancy defects6,7 and that H2 is similar to H1 but
the distance between C db and H is longer than that of H1.6
It has also been suggested that VH− is the negative charge
state of a H-vacancy complex.8 Recently, we observed C db
defects accompanying H in high quality undoped and boron
共B兲 doped p-type CVD homoepitaxial diamond films by
electron paramagnetic resonance 共EPR兲,9,10 which we tentatively call H1⬘ in this letter. The nearby H was confirmed by
the EPR spectrum with shoulders. The spectrum of H1⬘ cannot be reproduced by simulation using the parameters of H1,
H2, and VH−centers.10 Recently, it was also reported by eleca兲
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tron nuclear double resonance experiments that the distance
between H and C db in H-related defects in a P-doped CVD
diamond film in 共111兲 substrate is not as close as that for
H1.11 These results suggest that H1⬘ originates from the
combination of a couple of H-vacancy complexes with different distance between H and C db, although more intensive
research is needed to obtain a conclusive structural model.
In our growth condition of CH4 / H2 = 0.3% – 0.5%, H1⬘
is most likely a dominant defect which has the largest concentration 共⬃1018 / cm3兲.9,10 It was shown that H1⬘ is distributed uniformly along the depth direction, indicating bulk
defects.9 It is stable even after annealing at 1573 K.9,10
Therefore, it is important to reveal its effects on optical and
electrical properties. In this study we clarified the relationship between Iex and H1⬘, and discuss the role of it on Iex.
CVD diamond films were deposited epitaxially on
HPHT IIa diamond 共001兲 substrates with dimensions of 2.5
⫻ 2.5⫻ 0.5 mm3. The misorientation angles 共off兲 of the substrate are in the rangeof 3–7 deg. The films were grown by a
microwave 共MW兲 plasma-enhanced CVD reactor using CH4
diluted with H2 at 1073 K. The total gas pressure, total gas
flow rate, and input MW power were maintained constant at
25 Torr, 400 sccm, and 750 W, respectively. Deposition durations, CH4 / H2 ratios, and thicknesses of films were summarized in Table I. The thickness was estimated by the step
height between the region with and without a diamond mask
on the substrates. The details of EPR measurements are described elsewhere.9,10 The magnetic field was calibrated by
simultaneously measuring neutral nitrogen 共N兲 at a substitutional position 共P1兲12 in the substrate. The CL measurements
were performed at 100 K and acceleration voltage of
10 keV, which corresponds to a penetration depth of about
1 m.13 The details of CL spectrometers are described
elsewhere.5,14
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TABLE I. The growth condition and concentration of H1⬘ 共CH1⬘兲.
Film
I
II
III
IV
V

CH4 / H2%

T / ha

Thickness/ m

CH1⬘ / cm3

0.5
0.5
0.15
0.1
0.035

6
6
29
29
200

2.0
1.8
3.0
2.0
2.7

共3 ± 1兲 ⫻ 1018
共5 ± 2兲 ⫻ 1018
共1 ± 0.4兲 ⫻ 1018
共5 ± 2兲 ⫻ 1017
共7 ± 3兲 ⫻ 1016

a

T is deposition duration.

In secondary ion mass spectroscopy, unintentionally incorporated N and B were not detected in our films, which
means below about 2 ⫻ 1017 / cm3 for N and about 5
⫻ 1015 / cm3 for B. From EPR, no signal other than H1⬘ was
detected in spite of measurements over a wide range of temperature and MW power. Only P1 centers in the IIa substrates were observed and their intensity did not change after
the film deposition.
Figure 1 shows the EPR spectra of H1⬘. The g value was
estimated to be 2.0026± 0.0001. The observed EPR line
shape with a pair of partly resolved satellite lines with the
splitting of 1.25 mT corresponds to that of H1⬘.9,10 These
facts indicate that the defects observed in all films in this
study are mainly H1⬘ because of the similarity of all spectra.
In Fig. 2共a兲 and Table I, the concentration of H1⬘ 共CH1⬘兲 with
respect to CH4 / H2 ratio is represented. As can be seen, CH1⬘
significantly decreases as the CH4 / H2 ratio decreases.
As shown in Table I, the growth rate also decreases as
the CH4 / H2 ratio decreases due to a balance of carbon species supplied and the effect of H etching.15 Figure 2共b兲 shows
the relationship between CH1⬘ and growth rate; CH1⬘ is almost linearly proportional to the growth rate, indicating that
the suppression of H1⬘ is realized by the slow growth rate.
Figure 3 shows the CL spectrum of the film III. The
strong emissions were attributed to FE emission associated
with a transverse optical phonon 共235 nm兲 and its replica
共242 nm兲, a transverse acoustic phonon 共233 nm兲, and a longitudinal optical phonon 共238 nm兲.5,16 At 420 nm, a very
weak band-A emission was observed.17 In Fig. 4, the intensity at  = 235 nm 共Iex兲 is represented as a function of
CH4 / H2 ratio and CH1⬘, showing that Iex increases with decreasing CH4 / H2 ratio and CH1⬘. This complementary relationship between Iex and CH1⬘ suggests that H1⬘ acts as a
recombination center for FE. In addition, we did not observe
radiative centers related to H1⬘, suggesting that the recombination takes place by nonradiative processes.
In general, Iex is proportional to the internal quantum
efficiency , which is given by

=

1/R
共1/R兲 + 兺 共1/NR兲

,

共1兲

where R and NR are the lifetimes of radiative and nonradiative recombination, respectively.18 It is known that NR is
inversely proportional to the concentration of nonradiative
recombination center 共N兲, the capture cross section of recombination center 共兲, and the thermal velocity of carrier 共兲:
−1
NR
= N.1,18 In the case that H1⬘ acts as one of the nonradiative recombination centers, Eq. 共1兲 can be rewritten as

FIG. 1. The EPR spectra of H1⬘ in the films of 共a兲 I, 共b兲 III, and 共c兲 V,
respectively, at 40 K. The MW frequencies are 9.45 GHz. The MW power
and the amplitude of 100 kHz field modulation were 0.1 mW and 0.07 mT,
respectively. The signal intensities are normalized to compare their relative
intensities.

=

1/R

⬘ 兲 + H1⬘CH1⬘
共1/R兲 + 兺 共1/NR

=

c1
,
c1 + c2 + CH1⬘
共2兲

where c1 = 共RH1⬘v兲−1, c2 = 兺共NR
⬘ H1⬘v兲−1, and H1⬘ is  of
H1⬘. Previously, scanning CL measurements revealed that Iex
complementarily relates to band-A emission mainly originating from nonepitaxial crystallites 共NC兲.17 NC and band-A
emission of the films in this study were not suppressed completely as shown in Fig. 3 and were almost independent of
the CH4 / H2 ratio. Therefore, NC is considered to be the
recombination center which mainly determines c2 in our
films. Because the density and the largeness of NC are almost the same among the films of the present study, c2 was
assumed to be constant in our preliminary analysis. As
shown in Fig. 4共b兲, the relationship between CH1⬘ and Iex is
well fitted by Eq. 共2兲, which supports that H1⬘ acts as a
nonradiative recombination center. From the least squares
fitting, 共c1 + c2兲 is estimated to be 5 ⫻ 1017 / cm3.
From optical studies, R is reported to be in the range of
2.5⫻ 10−7 – 2.3⫻ 10−6 s.19,20 The typical value of  is in the
range of 10−15 – 10−17 cm2,1,21 and that of  is in the range of
106 – 107 cm/ s. From these estimations, 共RH1⬘v兲−1 共=c1兲 is
calculated to be roughly in the range of 1014 – 1018 / cm3. The
estimated value of 共c1 + c2兲 is also in this range. Previously, it
was reported that an atomically flat surface was realized resulting in significant suppression of NC and band-A emission
in the film grown with the extremely low CH4 / H2 ratio of
0.025% on the substrate with off of less than 0.5 deg of Ib
substrates.2,5 This film showed quite strong Iex of more than
80 times that of the film grown with CH4 / H2 = 0.5%.2 Although CH1⬘ could not be estimated in this film due to the
overlap of the strong P1 EPR signals in Ib substrates, the
strong Iex was beyond the expected value of Eq. 共2兲 at
CH1⬘ = 0 when c1 = 5 ⫻ 1017 / cm3 and c2 = 0. In order to understand the strong Iex in the previous study, c2 in the films of
the present study should be in the range of 4 – 5 ⫻ 1017 / cm3
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FIG. 2. The concentration of H1⬘ with respect to 共a兲 the CH4 / H2 ratios and
共b兲 the growth rates.

and c2 in the previous study can be considered to be less than
1 ⫻ 1017 / cm3 due to significant suppression of NC.
Next, the mechanism of the growth rate dependence on
CH1⬘ is discussed. We reported that H1⬘ is stable even after
annealing at 1573 K which is much higher than the growth
temperature 共1073 K兲.9,10 Therefore, H1⬘ created at certain
layers from the top surface 共subsurface region兲 during deposition remains. It is reasonable that within the subsurface
region, H1⬘ can be annihilated because of high structural
freedom at the surface or reaction with supplied carbon species. It can be considered that the number of H1⬘ at the
subsurface region is determined by the ratio between annihilation time and the time existing in the subsurface region.
The time existing in the subsurface region is inversely proportional to the growth rate. Under this mechanism, the suppression of CH1⬘ due to the slow growth is expected to be
enhanced in comparison with the fast growth.
We observed C db defects by EPR in N-doped CVD
diamond film22 grown with higher MW power and more than
100 times higher growth rate compared with the film II. The
order of concentration was almost the same with the film II.
Although they cannot be straightforwardly compared due to
different growth conditions, it is considered that there may
be saturating mechanism of defect creation in it.
In summary, from the dependence of CH4 / H2 ratio in
CVD homoepitaxial diamond films, EPR revealed significant
suppression of H1⬘ as the CH4 / H2 ratio decreases. The
mechanism of it was suggested by considering the balance

FIG. 4. The FE signal intensity with respect to CH4 / H2 ratio. 共b兲 The
concentration of H1⬘ with respect to the FE signal intensity. The solid line in
共b兲 is the least squares fitting curve by using Eq. 共2兲.

between the growth rate and the annihilation rate. The
complementary relationship between Iex and H1⬘ was obtained by CL and EPR, which suggests that H1⬘ acts as a
nonradiative recombination center which reduces Iex.
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